Introduction
Airframe noise constitutes a major component of the total aircraft noise during approach and landing.
For medium and large civil transports, a significant portion of the airframe noise can be attributed to the landing gears and in particular the main landing gear. The proximity of many bluff bodies of various sizes and shapes that collectively make up the main landing gear, produce an extremely complex flow field that is highly interactive and nonlinear in nature. Physics-based modeling of landing-gear noise requires a fundamental understanding of the unsteady flow interactions between the various components. A canonical configuration that models a variety of component level interactions is that of multiple cylinders with axes parallel to each other. Cylinder configurations such as multiple wheels, axles, and brake pistons include cylinders of similar size, whereas the combination of main strut and the hydraulic lines involves interaction between cylinders of disparate scales. The present paper is focused on the case of similar size tandem cylinders. Configurations of cylinders of disparate diameters are currently under consideration and will be reported in future papers.
Although the case of a tandem cylinder configuration has been considered before 1 , nearly all of the past studies were restricted to the low Reynolds (Re) number flow regime [1] [2] [3] Despite their usefulness, the earlier studies lack detailed on-surface and off-surface measurements that are needed for benchmarking the computations and enabling physics-based models for sound radiation. The present computational effort is part of a synergistic combination of experiments and flow simulations that is aimed at providing a holistic view of the tandem cylinder flow field at sufficiently large Reynolds numbers. Separation distances of L/D= 1.435, and 3.7 (representing two of the three possible flow regimes observed in earlier experiments) were chosen for this joint study. The experimental effort was conducted in the Basic Aerodynamic Research Tunnel (BART) at LaRC. The ease of optical access at BART allowed detailed measurements of the flow field using Particle Image Velocimetry (PIV)
technique. Moreover, extensive measurements in the wake of the rear cylinder were conducted using single and dual hot-wire probes to obtain the frequency content and two-point correlations within the unsteady flow field.
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The experiments were conducted at a Reynolds number of Re=166,000 based on the cylinder diameter and the maximum tunnel speed of M=0.166. To ensure turbulent flow separation, the boundary layer on the front cylinder was tripped between azimuthal locations of 50 and 60 degrees on either side of the leading stagnation point. The measured surface pressure distribution for the large separation case was nearly identical to that measured by previous investigators for a single, isolated cylinder at a Reynolds number greater than 8 million. Details of the measurements conducted in BART are discussed in the companion paper by Jenkins, Khorrami, Choudhari, and McGinley 4 (2005, here after referred to as JKCM).
Computational Procedure

Flow Solver
The CFL3D code developed at NASA Langley Research Center (LaRC) has been used to compute the flow field. Based on a finite-volume formulation, CFL3D solves the compressible form of three-dimensional, time-dependent, thin-layer Navier-Stokes equations. For the URANS computations, the 2-equation SST (k-ω) model of Menter 2 is used.
All current computations are performed using the second-order-accurate time discretization and the "dual time stepping" method. 3 Twenty subiterations, in conjunction with 3-level V-type multigrid cycles, are utilized to ensure a minimum of two orders of magnitude drop in both the mean-flow and turbulencemodel residuals during each time step.
Geometry and Grid Topology
The geometry under consideration is comprised of two cylinders of equal diameter (D) aligned grid contains a total of 316K points distributed into 16 blocks. Notice that the number of grid points in the two cases remains close, pointing to the fact that grid savings associated with the smaller gap between the two cylinders were utilized elsewhere to achieve the desired refinements.
Results
We now discuss the results of the numerical simulations; normalized with respect to the cylinder diameter D as the reference length, reference speed U ∞ , a reference density, ρ ∞ , and a reference molecular viscosity, µ ∞ . For the present study, the reference flow variables were set to match the conditions at the entrance to the BART test section. The flow field is assumed to be fully turbulent from the start. The 
Mean Surface Pressures
The time averaged surface pressure coefficient, Cp, for the L/D=3.7 case is presented in figure 3 . relevant trends but does not predict the measured amplitudes for these peaks. Most significantly, the mean CFD-based pressures are nominally symmetric about θ = 0, whereas a pronounced asymmetry is noted in the measured Cp distribution along the surface of the rear cylinder. Such a strong pressure asymmetry on the rear cylinder has also been observed by previous investigators 9 but, to the best of our knowledge, no clear explanations for its occurrence have been provided as yet.
During the course of the experiments by JKCM, particular care was exercised to ensure nearly symmetric pressure distributions along both the front and the rear cylinders. While for larger separation distances it was relatively easy to achieve a symmetric Cp distribution, the pressure field became extremely sensitive to even minor perturbations for L/D less than 1.5. On certain occasions, it was possible to achieve close to symmetric pressure distributions, while routine (and seemingly minor) changes during the course of the testing phase resulted in a loss of symmetry at small separation distances. During the post-experiment discussions, the possibility that the presence of small irregularities whether in the misalignments of the fabricated model, model set-up in the tunnel, or incoming flow angularities could cause the asymmetry was raised. In particular, the effects of incoming flow angularity was deemed to be most critical since ultimately geometrical misalignments would also manifest themselves as a change in the incoming flow direction. It was further conjectured that minor incoming flow angularities would have less of an impact once the separation distance between the two cylinders is large enough to allow full blown shedding from each cylinder to be established. To test these hypotheses, a series of 2D simulations were carried out whereby the approaching inflow was at a nonzero but small angle-of-attack (AOA). Going back to figure 3, notice that an AOA of 1 degree has hardly any influence on the predicted surface pressure distribution at L/D = 3.7 and all the computed Cp curves are virtually identical. In contrast, for the L/D = 1.435 case, even a small change in the incoming flow direction produces large surface pressure asymmetries on the rear cylinder that are in line with the measured trends. possesses a distinct narrow-band peak that is an order of magnitude above the surrounding frequencies.
The spectrum for L/D = 1.435 displays a significantly lower but broader peak that contains approximately 60% of the energy compared with the peak at L/D = 3.7 (or, equivalently, 39% of the energy contained within the peak for the single cylinder case). It is not clear if this change in the character of the Strouhal shedding is somehow related to the lack of self-sustaning unsteady structures within the CFD solution.
The time history of the computed total lift coefficient for L/D = 3.7 shows a periodic state with a frequency of approximately 314Hz. This value is close to the measured frequency of 303Hz, although one must bear in mind that the hot wire spectrum is based on local velocity fluctuations at a single point.
Additional analysis of the numerical database is necessary before a direct comparison can be made between the predicted and measured spectra. The predicted lift coefficient for the L/D = 1.435 case maintains a weak periodic state while the oscillations are being damped in time, as seen from figure 5.
The frequency of these oscillations is close to 323Hz, which is not too far from the measured value of 353Hz.
Reynolds Number Effects
An important issue when it comes to cylinder flow is the effects of Re on the state of the wake.
Given the excellent agreement between our medium-grid and fine-grid solutions at Re = 0.166 million, it was decided that the fine grid might also be adequate for unsteady calculations at a higher Reynolds Additionally, the effects of Re on the off-surface flow field also need to be evaluated. 
Conclusion
